Abstract: This paper presents a no-arbitrage yield-curve model that explicitly incorporates the central-bank policy rate. This model is consistent with the existence of a lower bound for nominal interest rates, which makes it particularly relevant in the current context of extremely low interest rates. Changes in the policy rates depend on the monetary-policy phase, that can be either in an easing, status quo or tightening mode. The estimation of the model, based on daily euro-area yield data, reveals the strong influence of the monetary-policy phases on the shape of the yield curve. This relationship can, in turn, be exploited to estimate the probabilities of being in the different monetary-policy phases. The model is also used to compute term premiums, that are the parts of the yields reflecting the aversion of investors to interest rate risk. The results point to the existence of statistically significant premiums for many dates, even for short horizons.
Introduction
The standard view of the monetary policy transmission mechanisms suggests that central banks' actions are mainly transmitted to the economy through their effect on market interest rates. According to this standard view, a restrictive monetary policy pushes up both short-term and long-term interest rates, leading to less spending by interest-sensitive sectors of the economy, and vice versa. While there is a strong empirical support for the assertion that monetary policy is a major driver of the yield-curve fluctuations, a very few term-structure models explicitly incorporate the "policy rate" -the main central bank's instrument. This paper proposes a novel and tractable no-arbitrage term-structure model where discrete-size changes in the monetary-policy rate are explicit and central. This framework is particularly adapted to depict the dynamics of the short-end of the yield curve, where the influence of monetary policy decisions is the most evident [see Cochrane and Piazzesi (2002) ]. The estimation, carried out on euro-area daily data, sheds light on the influence of the ECB monetary policy on the term-structure of interest rates. Notably, consistently with the findings of Bikbov and Chernov (2008) , my results show that the shape of the yield curve closely relates to the monetary-policy phase (easing, status quo or tightening).
1 In turn, this relationship can be exploited to estimate the probabilities of being in the (unobserved) monetary-policy regimes.
The model is consistent with the fact that agents are averse to the interest rate risk. If this was not the case, the expectation hypothesis would hold. Under this hypothesis, long-term rates correspond to the average of expected future short-term rates [see Campbell and Shiller (1991) or Cochrane and Piazzesi (2005) ]. While there is strong evidence against the expectation hypothesis for long-term yields, the evidence is weaker for short-term ones [see Longstaff (2000) ]. In my model, the possible departure from the expectation hypothesis results from the existence of a stochastic discount factor (s.d.f.). Thanks to this feature, term premiums can be computed. These premiums are defined as the differences between actual (observed) yields and the (counterfactual) yields that would be observed if agents were risk-neutral.
2 Even for short maturities, I obtain term premiums that, for many dates, are statistically significant. In other words, my results provide evidence against the expectation hypothesis for short-term yields.
The model involves a lot of Markovian regimes -more than 100. Indeed, in the framework, a regime is characterized by (a) the level of the policy rate (about 40 in the present version of the model) 3 and (b) the monetary policy phase (easing, status quo or tightening). This distinguishes the present framework from earlier interest rate models involving regime switching. 4 In spite of this unusual feature, the approach remains tractable both in terms of bond pricing and of estimation. This is illustrated by estimating the model on euro-area daily data covering the period from January 1999 to February 2012. The shortest-term rate I consider in the empirical exercise is the interbank overnight interest rate, which most central banks aim at stabilizing to a level close to a policy (or target) rate. Consistently with this choice, overnight index swap (OIS) rates are used as longer-term yields. An OIS is a fixed-for-floating interest rate swap with a floating rate leg tied to the index of daily interbank rates. The OIS curve is more and more seen by market participants as a proxy of the risk-free yield curve [see Joyce et al. (2011) and BIS (2013) ].
5 OIS have become popular hedging and positioning vehicles in euro financial markets and grew significantly in importance during the financial turmoil of the last few years.
The model is estimated by maximum likelihood techniques. The computation of the log-likelihood is based on an innovative joint use of the Kitagawa-Hamilton's filter and of the so-called inversion techniques originally introduced by Chen and Scott (1993) .
In a companion paper [Renne (2016) ], I use a simpler version of the present model to price interest rate options. However, in this previous paper, I do not explicitly model the stochastic discount factor. That is, in Renne (2016) , the analysis is carried out under the risk-neutral world only, thereby ruling out the computation of term premiums. Other papers that closely relate to the present one are those by Piazzesi (2005) and Fontaine (2009) . In both papers, the authors propose term-structure models that explicitly involve the target for the policy rate. They estimate their models on U.S. data covering, respectively the periods 1994-1998 (weekly) and 1994-2007 (daily) . A common drawback of these frameworks is that they do not preclude negative policy rates. While this caveat may be tenable when the short-term interest rate is far enough from zero -the conditional probabilities of having negative interest in the subsequent periods being negligible-, it is more problematic in the current context of very low interest rates [see e.g. Christensen and Rudebusch (2013) ]. More generally, many of the tractable yield-curve models are not consistent with the ZLB restriction [see Dai and Singleton (2003) or Piazzesi (2010)] . 6 This limitation is addressed in the present framework.
Indeed, in my model, the probability of a cut in the policy rate is zero when this rate is at its lower bound, thereby precluding negative policy rates. The remainder of the paper proceeds as follows. Section 2 develops the model. Section 3 presents the data. Section 4 details the estimation strategy and results. Section 5 concludes.
The model
This section formulates a model of the daily dynamics of the overnight interbank interest rate.
7 I also specify a parametric stochastic discount factor and derive the resulting bond prices.
The components of the overnight interest rate
The policy rate prevailing at date t is denoted by r̅ t . A is the case in most currency areas, this policy rate is assumed to be a multiple of 0.25%. I proceed under the assumption that the target rate is lower than a maximal rate denoted by r max and equal to 0.25% × N, say. Therefore:
where z r,t is a selection vector -that is one of the columns of I N+1 , the identity matrix of dimension (N+1) × (N+1) -and where the entries of the vector Δ are the continuously-compounded possible policy rates.
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The interbank overnight interest rate is denoted by r t . Its deviations from the target rate are accounted for by two independent components, denoted by ξ t and s t . Formally:
The dynamics of the target rate r̅ t
Central bankers can decide to change the policy rate at their regular meetings. On these dates, the target can be raised (respectively cut) if the tightening regime (resp. the easing regime) prevails. By constrast, the policy rate remains necessarily unchanged under the status quo regime. The monetary regime is represented by a three-dimensional selection vector z m,t that is valued in the set of the three columns of the identity matrix I 3 , corresponding, respectively to the tightening, the status quo and the easing regimes. Contrary to the econometrician, market participants observe the regime, this knowledge being based on a variety of detailed policy-relevant information that is not modeled here. It is easily seen that the Kronecker product of the selection vectors z r,t and z m,t , denoted by z t , is also a selection vector that is valued in the set of the columns of I 3(N+1) . (Recall that N+1 is the number of possible values of the target rate, between 0% and r max = N × 0.25%.) The dynamics of z t is described by a Markov chain. The matrix of transition probabilities of z t is denoted by Π t . These matrices are time-inhomogenous, but in a deterministic way. Indeed, the matrices Π t can take two values, one of them being specific to those days at which a monetary-policy meeting is scheduled. 9 The number of entries of these Π matrices is considerable: for r max = 10%, there are 15.129 of them. Nevertheless, owing to the following assumptions, most of these entries are zero:
1. Conditionally on being in an easing, a status quo or a tightening regime, the target moves are respectively valued in {-0.50%, -0.25%, 0}, {0} and {0, +0.25%, +0.50%}. 2. Easing or tightening phases are necessarily followed by status quo phases.
Even with these restrictions, many of Π t 's entries still require to be parameterised. Eight sets of probabilities have to be defined: two of them contain the probabilities of switching to the status quo regime (the probability of exiting the easing and the tightening regimes are respectively denoted by p ES and p TS ), two others are the probabilities of exiting the status quo regime (p SE and p ST ), two of them contain the probabilities of 25-bp changes in the target rate (rise: p r25 ; cut: p c25 ) and the last two are the probabilities of 50-bp moves (rise: p r50 ; cut: p c50 ). These probabilities may vary with the policy rate. For instance, the probability of switching from the tightening to the status quo regime could be larger for higher policy rates, say. In order to keep the model parsimonious, the transition probabilities are based on logit parametric functions of the target rate r̅ . Formally, let me define the function f by: Eventually, the 15.129 entries of matrix Π ̅ are defined by 14 parameters only.
The volatile component ξ t
Factor ξ t is aimed at capturing the volatile and short-lived (noise) fluctuations of the spread between the interbank overnight rate and the policy rate. I assume that the ξ t s are independent exogenous random variables. The distribution of these variables is denoted by L ; this distribution is designed in such a way as to flexibly accommodate non-zero skewness and fat tails. Specifically, a random variable drawn from distribution L (w, p, α P , β P , α N , β N ) is equal to w+I {u = 0} ν P -I {u = 1} ν N , where u is Bernoulli distributed with success probability p and where ν P and ν N follow β distributions with parameters (α P , β P ) and (α N , β N ), respectively.
The dynamics of s t
The variable s t is aimed at contributing to persistent fluctuations of yields that cannot be accounted for by the regime variables z r,t and z m,t . Combined with ξ t , the regime variables are expected to account for most of EONIA's fluctuations. Therefore, the variable s t is expected to have a far lower impact on the overnight rate than on longer-term yields. To obtain such a feature (without resorting to an explosive dynamics for s t ), s t is decomposed into two components denoted by s 1,t and s 2,t , that is, s t = s 1,t +s 2,t . 11 The dynamics of [s 1,t ,s 2,t ]′ is defined through: The smaller β, the less variable s 1,t is. In the limit, if β is equal to zero and if s 1,t was zero at some point in the past, then s t = s 2,t . I assume this is the case under the physical measure, but not under the risk-neutral one.
12 Under the latter measure, if the ρ * 's i -the risk-neutral counterpart of the ρ i 's -are close to one, a shock on s 2,t can have a very persistent impact on s t . In addition, if β * is large enough, these effects are multiplied by feeding through s 1,t . Therefore, s t 's innovations may have a far more long-lasting impact under the risk-neutral measure than under the physical measure. This implies that s t may account for a far larger variance of longterm yields than of short-term yields. I assume that the stochastic discount factor (s.d.f.) between dates t-1 and t is given by:
The vectors δ t and ν t are the prices of risk associated to the regime shifts and to the Gaussian shocks ε t , respectively. Assuming that vector ν t satisfies
it can be shown that the dynamics of z t and s t under the risk-neutral measure are of the same kinds as their physical counterparts except that matrices Π t and Φ are respectively replaced by Π * t and Φ * . 14 (The riskneutral -or pricing -measure ℚ is defined through the Radon-Nikodym derivatives of ℚ with respect to the physical measure P:
It is worth stressing that these specifications offer the possibility to price monetary-policy-related risks, this feature resulting from the presence of monetary-policy phases (z m,t ) and target rates (z r,t ) in the definition of the stochastic discount factor.
11 An alternative would be to assume that s t follows an AR(1) process. However, to capture the previous feature, the auto-regressive parameter should be larger than one. With a Gaussian s t , this would imply infinitely large (positive or negative) long-term rates. By contrast, the process that is proposed here ensures that the variances of long-term yields do not explode with maturities. 12 The relationship between the physical and the risk-neutral dynamics is discussed below, in Subsection 2.2.1. 13 The choice of this dynamics builds on Dubecq and Gouriéroux (2011) . 14 See Monfort and Renne (2013 , c p that define the * Π t 's matrices, are based on functions f( r̅ , ·). Still using the superscript " * " to denote risk-neutral parameters, these probabilities depend on some vectors α * i (see end of Subsection 2.1.1).
Bond prices
It is well-known that the existence of a positive stochastic discount factor is equivalent to the absence of arbitrage opportunities [Hansen and Richard (1987) ] and that the price at t of a zero-coupon bond with residual maturity h, denoted by P(t,h), is given by:
where t E Q denotes the expectation under the risk-neutral measure, conditional on the information available at date t. Substituting Equation (2) into Equation (8) leads to:
Under the assumption that r̅ t , s t and ξ t are independent processes, it comes:
t z s P t h E e E e E e P t h P t h P t h
The computations of P z (t,h), P ξ (t,h) and P s (t,h) are detailed in Appendix B. Explicit formulas are available to compute these three terms, each of them turning out to be exponential affine in ′ ′ ( , ) .
z s
Accordingly, the yields associated with zero-coupon bonds of maturity h, denoted by y(t,h), are of the form:
.
Data and stylised facts
The sample period is January 15, 1999 to February 17, 2012 (3416 dates). The shortest-maturity rate I will consider is the EONIA (Euro OverNight Index Average), that is the daily euro-area interbank rate. Longer-term rates are overnight indexed swap rates (OIS). An OIS is an interest rate swap whose floating leg is tied to an overnight rate -the EONIA in the euro-area case -compounded over a specified term. Six maturities are included in the estimation dataset (in addition to the overnight one): 1 month, 3 months, 6 months, 12 months, 2 years and 4 years. 16 The policy rate and the EONIA series come from the ECB; longer-term yields are taken from Bloomberg. A A A Note that the values of A h are not the same before and after 8 October 2008 because of the change in the distribution of ξ t on that break date (see Section 3). Therefore, the pricing formulas of P ξ (t, h) actually have to be used twice, with L norm first and then with L excess (yielding to two different sets of constants A h s). For notational convenience, this is not expressed in Equation (10). Note eventually that the time-dependence of G is deterministic; this time dependence relates to the (publicly-known) dates of the monetary-policy meetings. 16 OIS yields are not available for longer-than-one-year maturities before 2005. Before that date, I use EURIBOR swaps data in place of the 2-year and 4-year OIS yields. Before 2007, the short-term EONIA swaps and maturity-matching EURIBORs had extremely close variations before 2007. For each maturity (2-year and 4-year), I subtract the 2005-2006 IBOR-OIS average spread from the EURIBOR swap series used in the estimation before 2005, which is about 10 basis points (the standard deviation is smaller than 3 basis points). 17 All yields are expressed in continuously-compounded terms. Money-market rate are based on the ACT/360 day-count basis, the corresponding continuously compounded rates are therefore computed as ln(1+d × r/360) × 365/d, where r is the considered rate and where d is the residual maturity of the instrument. Since the pricing formula presented in Subsection 2.2 are consistent with zero-coupon yields, that type of yields is computed using classic bootstrapping methods (for maturities larger than one year, i.e. 2 and 4 years). 6-month rate-main policy rate 2-year rate-main policy rate 4-year rate-main policy rate Panel A of Figure 1 compares the fluctuations of the policy rate with these of the EONIA. Changes in the policy rate are decided during the first of the bimonthly meetings of the ECB's Governing Council. On a daily scale, this implies a step-like behavior for the target rate. This plot also displays the two additional policy rates of the Eurosystem framework. These two rates constitute the bounds of the so-called corridor that brackets the main policy rate. 18 The lower bound of the corridor is the deposit-facility rate, that is the rate at which banks can deposit cash overnight with the Eurosystem. The upper bound is the lending-facility rate, at which counterparties can borrow funds overnight from the Eurosystem. No bank would agree (a) to lend to another bank at a yield lower than the one it can secure by using the ECB deposit facility -which is a creditrisk-free investment -or (b) to borrow at a rate higher than the one it can get by using the lending facility. This ensures that the EONIA lies within the bounds of the corridor.
Panel B of Figure 1 presents the EONIA spread, that is the yield differential between the overnight interbank rate and the main policy rate, which is the middle of the corridor. In the model, the EONIA spread is r t -r̅ t = s t +ξ t . This plot highlights the break in the relationships between these two rates that occurred in 2008. On 19 See https://www.ecb.europa.eu/press/pr/date/2008/html/pr081008_2.en.html. The FRFA announcement date is indicated by a vertical bar on Panel B in Figure 1 . 20 Alternatively, a modeling possibility is to introduce an additional regime-switching variable (z exc,t ) indicating whether the excess liquidity regime prevails, or not, at date t. The latter approach has been employed in a previous version of the paper. For the sake of simplicity, the breakpoint approach is used in the present one. The qualitative results are fairly robust to this simplification. 21 Since I assume that the EONIA rate is modeled without error, ξ t is not considered as a third unobserved variable. In other words, conditionally on the knowledge of z t , s t and r t , variable ξ t is deterministic. 22 The ith entry of Λ m,t is given by Λ z (z r,t ⊗e i ), where e i denotes the ith column of I 3 , the identity matrix of dimension 3 × 3.
8 October 2008, in a context of worldwide financial stress, the Eurosystem adopted a fixed-rate full allotment (FRFA) tender procedure.
19 Since then, the ECB accommodates any demand for liquidity its bank counterparties might express at the policy rate -against eligible collateral -in unlimited amounts. This measure generated a steady excess of liquidity balances in the overnight market, putting downward pressure on the overnight interest rate. As a result, the latter rate drifted toward the lower limit of the monetary policy corridor [see Soares and Rodrigues (2013) , Beirne (2012) and Fahr et al. (2010) ]. In addition, it can be seen on Panel B that the distribution of the volatile component of the overnight rate became strongly positively skewed after the drop in the EONIA spread. Accordingly, the date of the FRFA announcement (8 October 2008) is treated as a break date. At that date, I allow for a change in the distribution of the volatile component ξ t of the EONIA rate.
20 Specifically: 
In particular, since the L distribution is not centred, the mean value of ξ t can differ in the two periods.
(Looking at Panel B, it is expected to be close to zero before the break date and negative after.)
Estimation

Estimation strategy
The model is estimated by means of maximum likelihood techniques. In the spirit of Kalman filtering, the computation of the likelihood function is based on an algorithm that simultaneously derives estimates of the latent factors (z t and s t ).
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The model is a state-space model. Such a model entails two ingredients: (a) transition equations, which specifies the dynamics of the state vectors, and (b) the measurement equations, that describe the relationship between the state vectors and the observable variables. In the present case: (a) the dynamics of the state vectors s t and z t are respectively defined by Equation (6) and by the matrices of transition probabilities Π t and (b) the measurement equations relate observed yields, gathered in R t -a vector of M observed yields of maturities h 1 , …, h M -to s t and z t . Using Equation (11) and introducing some vectors of i.i.d. normal measurement errors denoted by η, the measurement equations, in vector form, are:
At that stage, note that z t is only partially unobserved. Indeed, z t is the Kronecker product of z r,t and z m,t ; and z r,t is observed. Therefore, the true latent variables are s t and z m,t . Equation (13) is accordingly rewritten as:
where Λ m,t is a 1 × 3 (observable) vector that is such that Λ m,t z m,t = Λ z (z r,t ⊗z m,t ).
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This latency is handled by using an estimation strategy built on Monfort and Renne (2013) . The approach consists in applying inversion techniques à la Chen and Scott (1993) together with the Kitagawa-Hamilton filter to address the hidden nature of the switching regimes. The idea of the inversion technique is the following: assuming that a linear combination of the yields is observed without error, one obtains the latent variable s t as a function of R t and z t . In that case, one can compute the likelihood function; the calculation involves the specified dynamics of the latent factor as well as the distribution of the remaining pricing errors. Usually, one uses trivial perfectly-priced combinations of yields: specifically, if there are m latent factors with continuous support in the model, one assumes that m yields are priced without error. However, as noted for instance by Piazzesi (2010) , the choice of these m yields maturity, out of the M available ones, is arbitrary. Therefore, I resort here to an original alternative approach and choose s t in order to minimize the average squared pricing errors across the different maturities. 23 In that case, conditionally on (R t , z t ), the latent factor s t is simply obtained by using the OLS formula:
Equation (15) shows that s t is then given by a weighted average of the elements of R t -Λ z z t , which are the parts of the yields that cannot be accounted for by z t . Contrary to the classic inversion technique, in which there is a one-to-one relationship between one of the yields and s t , the averaging underlying the present approach tends to make the results less sensitive to potential noises present in the yield observations (i.e. in R t ). Further details of the exact computation of the likelihood are provided in Appendix C. Table 1 reports the maximum-likelihood parameter estimates. 24 The mean absolute pricing error is equal to 7 basis points, which is comparable, though slightly higher, to Piazzesi (2005) 's fit of the U.S. yield curve.
The estimated model
25 Figure 2 shows the fit of the 6-month and the 4-year yields. These plots also show the part of those yields that is explained by the regime variable z t . It appears that most of the yields' fluctuations can be accounted for by z t : more than 95% of the sample variances of yields with maturities lower than 2 years are captured by the term G(t,h)z t appearing in Equation (11).
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Figure 3 presents the estimated probabilities of being in the different monetary-policy regimes (z m,t ).
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The policy rate is also plotted on this figure. Naturally, the chart shows that phases of cuts (respectively rises) in the policy rate take place when the easing (respectively tightening) regime prevails. Interestingly, it also appears that there are changes in the monetary policy regime that accompanied by movements of the policy rate. Such changes could be triggered by (non-modeled) ECB officials' speeches or by the release of macroeconomic news or figures. In the context of the model estimation, the detection of these changes is based on the information embedded in the shape of the yield curve. To illustrate, Figure 4 shows the influence 23 I am grateful to Simon Dubecq for providing me with this procedure. To my knowledge, though particularly efficient compared to classic inversion techniques, it has not been used in the existing literature. 24 In order to avoid that the factor s t , thanks to its flexible Gaussian dynamics, explains too large a share of the yield fluctuations, I limit the size of its marginal variance in the estimation. Specifically, I impose that the marginal standard deviation of the s t -related component of the 1-year yield is lower than 5 basis points. Eventually, 46 parameters remain to be estimated. 25 Piazzesi (2005) 's approach constitutes a good basis for comparison because the focus of her paper is put on the same spectrum of maturities as the present one. Note however that the sample period used by Piazzesi (2005) is shorter (4 years against 13 years here) and the frequency is lower (weekly vs. daily here). Another basis for the fit assessment is offered by principal component analysis: the mean absolute pricing error resulting from fitting the yields with their first two principal components is of 5 basis points (2 basis points with the first three principal components). 26 Eighty five percent of the variance of the 4-year yield is accounted for by G(t,h)z t . 27 These probabilities are the smoothed probabilities computed with Kim (1994) 's algorithm. of the monetary-policy regimes on the term structure of interest rates. Modeled yields are compared with the observed ones for three dates. For each date, three additional yield curves are displayed, each of them corresponding to one of the three monetary-policy regimes. The modeled yield curve corresponds to one of these three curves, the attribution being based on the smoothed probabilities of being in the different These plots compare model-implied (diamonds) with observed (black circles) yield curves at different dates. In addition, each plot reports the (model-implied) yield curves that would have been obtained if other monetary-policy regimes had prevailed on these dates. The seven circles (and diamonds) correspond, respectively to the following maturities: 1 day, 1, 3, 6 months, 1, 2 and 4 years.
monetary-policy regimes. 28 The two remaining curves are the answers to the question: what if the monetarypolicy stance were different on that date? These plots show that monetary-policy regimes are key to shape the yield curve. Furthermore, this figure demonstrates the ability of the model to reproduce various shapes of the yield curve (steep, flat, humped, inverse-humped).
The specifications of the model allow for an heteroskedastic behavior of the policy rate. This is illustrated in Figure 5 , that displays the conditional standard deviations associated to the 3-month-ahead forecasts of the policy rate (i.e.
+3
[ ] t t mth
Var r ). For any date t, these standard deviations depend on (a) the policy rate (r̅ t ) and on (b) the monetary-policy regime (z m,t ) prevailing prevailing at date t. For instance, the plot suggests that uncertainty characterising future policy rate moves is higher in easing than in tightening phases, which is line with the findings of Fontaine (2009).
Term premiums
Conceptually, term premiums correspond to average bond excess returns demanded by investors to be compensated for the risk associated with changes in interest rates. Let me clarify. If bond prices tend to be systematically lower -because interest rates tend to be systematically higher -in what investors consider as "bad states of the world", then an investor gets more exposed to these bad states of the world if she purchases the bond. For her to be willing to buy such an asset, the bond price has to be lower than what it would be under the so-called expectation hypothesis, where the preferences of the bond holders would not relate to the level of interest rates (see e.g. Campbell and Shiller (1991) or Cochrane and Piazzesi (2005) ). While there is strong evidence against the expectation hypothesis for long-term yields, the evidence is weaker for short-term ones [see Longstaff (2000) ].
Formally, in my model, the expectation hypothesis is verified if the prices of risk ν and δ are equal to zero (see the specification of the s.d.f. in Equation 7 ). In that case, the s.d.f. M t−1, t is equal to exp(-r t−1 ) and the riskneutral and the physical dynamics coincide (because dℚ/dP = exp(r t−1 )M t−1,t ). By contrast, if the preferences of the agents are related to the interest rate risk, the risk-neutral dynamics differs from the physical one and term premiums arise. By definition the term premiums are the differences between model-implied yields (y(t,h)) and the counterfactual yields ( ( , ),say) y t h that would be observed if the investors were not averse to interest rate risk. Formally:
The existence of term premiums at the short to medium end of the yield curve is important in several respects. Let me mention two of them. First, if these risk premiums are sizeable, OIS forward rates should not be interpreted as the market (physical) expectations of future policy rates for short to medium horizons, though this is the basis of a widespread market practice.
29 Second, the existence of risk premiums implies that excess returns are partially predictable. Var r + -as functions of the current policy rate (r̅ t ) and of the current monetary-policy regime (easing, status quo or tightening). These standard deviations measure the uncertainty associated to future values of the policy rate. This plot illustrates the heteroskedasticity of the policy rate in the model.
29 See e.g. Barclays (2008) , Joyce, Relleen, and Sorensen (2008) , Joyce and Meldrum (2009 ), Bank of England (2005 ) or Lang (2010 . 30 See e.g. Fama and Bliss (1987) and Campbell and Shiller (1991) .
Both conditional expectations appearing on the right-hand side of Equations (16) and (17) can be calculated by using the approach detailed in Appendix B. The only difference is that the computation of y(t,h) involves Π * t and Φ * , while that of ( , ) y t h involves Π t and Φ (see Subsection 2.2.1). Term premiums for two maturities (1 year and 4 years) are plotted on Figure 6 . Panels A and B show that the 4-year term premium is higher and more volatile than the 6-month one. This reflects the fact that longer-term instruments are more sensitive than short-term ones to the interest rate risk; investors therefore ask higher premiums to bear that higher risk. At the end of the sample (2009) (2010) (2011) (2012) , in a context of very low interest rates, important shares of the yields are accounted for by the term premiums, especially for the 4-year maturity.
Because the term premiums are functions of the model parameterisation, they inherit the uncertainty surrounding parameter estimates. This is illustrated in Panels C and D of Figure 6 . These panels display the same term premiums as before, but the 10th and 90th percentiles of their distributions are added. The computation of these percentiles is based on bootstrap techniques.
31 Naturally, the term premiums are This figure displays the term premium estimates. These term premiums are the parts of the yields that would not exist if agents were not averse to nominal interest rate risks. The upper panels plot the term premiums together with the corresponding yields. The lower plots display 80% confidence intervals reflecting the uncertainty associated to the parameter estimates. The computation of these confidence intervals is based on bootstrap techniques: the asymptotic distribution of the parameter estimates is used to draw 1000 alternative sets of parameter estimates that, in turn, are used to compute 1000 sets of term premiums; the gray lines indicate the 10th and 90th percentiles of the obtained risk-premiums distributions.
31 The asymptotic distribution of the parameter estimates is used to draw 1000 alternative sets of parameter estimates that, in turn, are used to compute 1000 sets of term premiums; the gray lines indicate the 10th and 90th percentiles of the obtained riskpremiums distributions (considered date per date). statistically significant at the 10% level when 0 is not included in the confidence interval (gray-shaded area). This happens about half the time, for both the 1-year and the 4-year maturity. These results therefore point to the rejection of the expectation hypothesis, for shorter as for longer maturities.
Conclusion
While central banks' interest-rate decisions are obvious drivers of the fluctuations of the term structure of interest rates, only few of the available no-arbitrage term structure models feature a realistic modelling of the policy rate. This paper proposes a framework that captures simultaneously the dynamics of the policy rate and that of the yields of longer maturities. Importantly, this model is consistent with the existence of the zero-lower-bound restriction, making it appealing in the current context of extremely low interest rates. A key ingredient of the model is an extensive and innovative use of switching-regime features. Each regime is characterized by a monetary-policy level and a monetary-policy regime (easing, tightening or status quo). The model is estimated on daily euro-area yield data spanning the period 1999 to 2012 by means of maximum likelihood techniques. The model-implied probabilities of being in the different monetary-policy regimes for any date in the sample constitute interesting by-products of the estimation. Besides, because it involves a stochastic discount factor, the model can be used to compute term premiums. These premiums are the parts of the yields that reflect the excess return demanded by bondholders to bear the interest rate risk. The results suggest that a substantial part of the yields is accounted for by term premiums, which points to the rejection of the expectation hypothesis, even for short-term horizons. 
where exp α is the vector whose entries are of the form exp(α i )'s and where D(x) is a diagonal matrix whose diagonal entries are the elements of the vector x. Indeed, for h = 1: G(t,h) as G(t,h) = -(1/h)log{G z (t,h)}, I get P z (t,h) = exp(-hG(t,h)z t ).
B.2 Computation of P ξ (t,h)
Using the independence assumption of the ξ t s, I obtain: 
N
The previous equation can be solved using the recursive algorithm proposed by Ang and Piazzesi (2003) . A faster computation can be obtained by using the algorithm described in Borgy et al. (2011) . The resulting price is of the form: 
C Computation of the likelihood
Multiplying both sides of Equation (13) This notably implies that the elements of η t can then not be independent. However, the elements of a subset of M-1 of them can be independent. Without loss of generality, I assume that the last M-1 elements of η t are i.i. t t R R Substituting for s t in Equation (14) and rearranging the terms in this equation leads to: Multiplying both sides of the previous equation by Γ gives: 
where η Γη ≡
